Flexoelectricity allows a dielectric material to bend in response to a uniform electric field, and adds a new degree of freedom for designing actuators. However, its applications are usually limited to the nanoscale due to its inherent size effect. Here, we report an enhanced macroscopic flexoelectric-like response in flexoelectrets (soft elastomers with embedded charges), showing excellent actuation performance comparable with nanoscale flexoelectric actuators. Theoretical analysis indicates that the symmetry breaking of Maxwell stress is the cause of this enhancement. This work opens an avenue for applying macroscopic flexoelectricity in actuators and flexible electronics.
strain gradient) has shown its great potential in applications including information storage and reading [13] [14] [15] , tuning electronic properties [16] [17] [18] [19] , flexible electronics [20] , bone repairing [21] , energy harvesting [22, 23] , etc. On the other hand, converse (uniform strain induced by the gradient of electric field) and inverse (curvature induced by uniform electric field) flexoelectricity, although still in their infancy [10] , were reported both theoretically [24] [25] [26] and experimentally [27] [28] [29] [30] [31] [32] [33] . Like the direct flexoelectric effect, an inverse flexoelectric effect also shows strong size dependence [21, 31, [34] [35] [36] [37] . Bursian et al. proposed that, because of the inverse flexoelectric effect, the induced curvature of a dielectric cantilever beam was related to the uniformly applied electric field by [10] = 12(1 − 2 )
where 12 is the transverse flexoelectric coefficient, denotes Poisson's ratio, Y is Young's modulus, and h is the thickness of the beam. With the decrease of h, the induced curvature  increases fast for a fixed applied electric field. Thus, as shown in Fig. 1(a) , inverse flexoelectricity reduces sharply with the increase of the sample's feature size. The size effect seems to be an inevitable constraint to the application of both direct and inverse flexoelectricity at the macroscale. Although several recent works show that the bending-induced polarization can be enhanced by 1~3 orders of magnitude through introducing the so-called flexoelectric-like response [38] [39] [40] [41] , there is no evidence that these extrinsic mechanisms can naturally lead to an enhanced inverse response. For the barrier-layer-mechanism, the most famous one among the above mechanisms, the electric-field-induced bending may be even weaker than its counterpart of intrinsic flexoelectricity [38] .
In this letter, we aim to explore a way to break the constraint and introduce the inverse flexoelectric effect to macroscopic applications. Recently, we reported an enhanced flexoelectriclike response (bending-induced polarization) in flexoelectrets [41] , of which a charge layer was embedded in silicone rubber. By this enhanced flexoelectric-like response, at the macroscale, the effective flexoelectricity of silicone rubber was increased by two orders in magnitude. Large coefficient and small Young's modulus in flexoelectrets provide a good opportunity to investigate the corresponding inverse phenomenon according to equation (1) . As we will see in this letter, this electromechanical response is a two-way coupling, which allows flexoelectrets to bend in response to an external electric field. The basic mechanism underpinning the inverse phenomenon, the macroscopic symmetry breaking of Maxwell stress, is illustrated in Fig. 1(b) and (c): one layer of negative charge is embedded in an elastomer beam, resulting in a preexisting electric field (red arrows) which is symmetric about the charged plane. When a uniform external electric field (yellow arrows) is applied, they superpose throughout the sample and results in larger electric field in the upper part while smaller electric field in the lower part.
Hence, a macroscopic symmetry breaking of stretching in the sample, induced by Maxwell stress effect, is expected and leads to curvature eventually. This bending deformation would be further amplified due to the small Young's modulus of the material (56.79KPa).
To demonstrate our idea, we fabricated flexoelectrets by embedding a charged thin film in the middle plane of an elastomer cantilever (see Supplemental Material [42] for material fabrication). Fig. 2 (a) illustrates a brief schematic experimental setup: a laser displacement sensor was used to detect the displacement of the cantilever end generated by sinusoidal voltage from a high voltage supply (see Supplemental Material [42] for experimental setup). Since the elastomer is non-polar, piezoelectricity is excluded here to explain any possible deformations induced by voltage (see Supplemental Material [42] for material characterization).
Flexoelectret embedded a charge layer with a density of -0.088mC/m 2 was stimulated by a sinusoidal voltage (1Hz) with a peak of 1kV. The red solid line in Fig. 2 
(b) shows the induced
Fourier-filtered first-harmonic displacement (see Supplemental Material [42] for unfiltered data).
Moreover, this pronounced curvature (calculated from the P-P value of the Fourier-filtered displacement) varies linearly with the applied electric field ( Fig. 2(c) ). These responses of flexoelectrets show typical inverse flexoelectric characteristics, which is the first time that flexoelectric bending was observed at the macroscale. To exam how much the intrinsic inverse flexoelectricity contributes to the bending of the cantilever, a similar elastomer cantilever but without charged layer was set to be a control group and tested at the same voltage stimulation. As shown by the red dashed line in Fig. 2(b) , without the charged layer, no first-harmonic oscillations were observed, which experimentally verified the fact that the intrinsic flexoelectricity is too weak to be observed at the macroscale as we mentioned above. Therefore, the bending deformations observed here originate from the charge layer in flexoelectrets rather than the distortion of material's microstructures (intrinsic mechanism) [27] , termed here as inverse flexoelectric-like response. According to equation (1), the effective flexoelectric coefficient of flexoelectrets (-0.088mC/m 2 ) was obtained: 12 = 10.3n / , comparable to the most famous flexoelectric polymer polyvinylidene difluoride (PVDF) [43] . Note that the flexoelectret introduced here is much softer than PVDF (Young's modulus is more than 4 orders of magnitude smaller), which results in much larger bending deformation than that of PVDF according to equation (1).
To further confirm the effect of the charge layer on this enhancement of inverse flexoelectricity, we changed the polarity of the charge layer (0.086mC/m 2 ). Fig. 2(d) shows that the bending direction was reversed under the same voltage stimulation in Fig. 2(b) . We further changed the magnitude of the charge density and found that the induced curvature increases almost linearly with the charge density ( Fig. 2(e) ). These observations provide strong evidence that the enhanced flexoelectric-like in flexoelectrets should be attributed to the embedded charge layer and it is tunable via manipulating the charge layer. Nevertheless, how the charge layer influences the electromechanical coupling is still not clear.
To identify the main cause of the enhanced flexoelectric phenomenon, in this work, we establish an electrostatic model ( Fig. 3(a) ) in which the only electromechanical coupling mechanism is the Maxwell stress effect. The distribution of electric field can be calculated from Gauss' law, which comes from external voltage (yellow arrows) and the charge layer (red arrows). When no voltage is applied to the model, the charge layer generates an electric field with the same magnitude but opposite direction across the model ( Fig. 3(b) ), leading to uniform Maxwell stress ( Fig. 3(c) ). At the excitation of the voltage, the symmetric state of stress was broken. Specifically, one part experienced larger stretching stress than the other part, which can be expressed as (see Supplemental Material [42] for detailed derivations) 
where  is permittivity, is the density of the charge layer, 2 and 2 denote the Maxwell stress are equivalent to a resultant force F plus a bending moment M (Fig. 3(c) ), which can be obtained 
Interestingly, in the above two equations, the square term of the applied electric field 2 remains in the former one but is eliminated in the latter one, which implies a linear coupling between curvature and external electric field that can be obtained as
where = ℎ 3 /12 is the bending stiffness which links the bending moment to the induced curvature of a beam. This formula predicts that the bending direction depends on the polarity of the charge density and applied voltage, consistent with our experimental observations. We also performed finite element (FEM) calculations considering Maxwell stress effect to solve this problem (see Supplemental Material [42] for FEM calculations). As shown in Fig. 3(d) and ( In Fig. 4(a) , the actuation performance evaluated by curvature/electric field ratio for our flexoelectrets and typical flexoelectrics like SiTiO 3 [29, 31] and BaTiO 3 [27] are compared. It can be seen that flexoelectrets become the first flexoelectric member that shows enhanced inverse flexoelectricity at the macroscale, which is not only due to the soft materials it composed of, but, more importantly, also because of the nature of the flexoelectric-like effect itself. For intrinsic inverse flexoelectric effect, as shown by equation (1), the induced curvature is proportional to 1/ℎ 2 . However, for the flexoelectric-like effect introduced here, as shown by equation (6), the induced curvature is proportional to 1/ℎ . This difference results in quite different size dependency of them, which is schematically plotted in Fig. 4(b) . [13] and magnetism [45, 46] , since these properties are easily introduced to silicone elastomer/rubber [47, 48] . 
